Introduction 41
The development to blastocysts of bovine oocytes derived from in vitro-growth (IVG) 42 culture was found to be markedly lower than that of in vivo-grown oocytes (Hirao et al. 2004) . 43
In our previous studies, we showed that the maturational and developmental competences of 44 IVG oocytes were improved by shortening the IVG duration from 14 to 12 days (Huang et al. 45 2013 (Huang et al. 45 , 2014 and by performing pre-maturational culture (pre-IVM) for 20 h in medium 46 supplemented with phosphodiesterase (PDE) inhibitor (3-isobutyl-1-methylxanthine (IBMX)) 47 between IVG and in vitro maturational (IVM) cultures (Huang et al. 2013 (Huang et al. , 2014 . In one 48 previous study (Huang et al. 2014) , the normal fertilisation rates of IVG oocytes were similar 49 (around 70%) regardless of pre-IVM, despite the low nuclear maturation rate of IVG oocytes 50 without pre-IVM. Therefore, the authors speculated that IVG oocytes without pre-IVM achieved 51 nuclear maturation during the culture for fertilisation, and that the improvement of maturational 52 and developmental competences of IVG oocytes with pre-IVM is probably caused by 53 synchronisation of meiotic progression because most IVG oocytes may be fertilised at an 54 appropriate time for embryonic development. On the other hand, it was reported that in 55 vivo-grown bovine oocytes with 18 to 21 h pre-IVM showed higher developmental competence 56 to blastocysts than those without pre-IVM, regardless of the timing of fertilisation (Hashimoto 57 et al. 2002) . Hashimoto et al. (2002) concluded that immature bovine oocytes required a 58 certain time to acquire developmental competence during meiotic arrest. For this reason, we 59 speculate that cytoplasmic changes of oocytes occur during pre-IVM and this contributes to 60 the acquisition of developmental competence. Therefore, it is necessary to investigate the 61 cytoplasmic changes in IVG oocytes during pre-IVM culture. 62
Mitochondria play important roles in oocyte maturation and subsequent embryonic 63 6 under 5% CO2 in air for 0, 10 or 20 h. For IVM, oocytes were cultured individually in each well 109 of micro-well plates filled with 6 mL of IVM medium, which was HEPES-buffered TCM-199 110 supplemented with 0.2 mM sodium pyruvate, 0.02 units mL-1 FSH, 1 μg mL-1 oestradiol-17β, 111 10% FCS and 50 μg mL-1 gentamicin sulfate, at 39°C under 5% CO2 in air for 22 h (Nagano 112 et al. 2013) . 113
Oocytes collected from antral follicles of 2 to 8 mm in diameter (in vivo-grown oocytes) 114 served as controls. IVM of in vivo-grown oocytes was conducted as described previously 115 (Takahashi et al. 1996) . In brief, cumulus-oocyte complexes (COCs) were incubated in 116 droplets of IVM medium that was the same as used for IVG oocytes (~10 COCs per 50 μL) 117 covered with paraffin oil at 39°C under 5% CO2 in air for 22 h. 118 119 IVF and IVC of inseminated oocytes 120 IVF (Day 0) was performed using frozen semen from a Holstein bull according to a 121 procedure described previously (Takahashi and Kanagawa 1998) with slight modification. In 122 brief, motile spermatozoa (5 × 106 spermatozoa mL-1) separated from thawed semen using a 123
Percoll gradient (45 and 90%) were co-incubated with COCs in a 100-μL droplet (~10 COCs 124 per droplet) of modified Brackett and Oliphant isotonic medium (Brackett and Oliphant 1975) 125 containing 3 mg mL-1 fatty-acid-free bovine serum albumin (BSA) and 2.5 mM theophylline 126 (Takahashi and First 1992) for 18 h at 39°C in a humidified atmosphere of 5% CO2, 5% O2 127 and 90% N2. 128 IVC of inseminated oocytes (presumptive zygotes) was performed as described 129 previously (Takahashi and Kanagawa 1998). Briefly, after co-incubation with spermatozoa,7 presumptive zygotes were freed from cumulus cells by vortexing and washing three times in 131 the culture medium. Cumulus-free zygotes were cultured for ~150 h in a 30-μL droplet of the 132 culture medium at 39°C under 5% CO2, 5% O2 and 90% N2. The culture medium was a 133 modified synthetic oviduct fluid containing 12 essential amino acids for basal medium Eagle, 7 134 non-essential amino acids for minimum essential medium, and further supplementation with 1 135 mM glutamine, 5 mM glycine, 5 mM taurine, 1 mM glucose, 10 μg mL-1 insulin and 3 mg 136 mL-1 fatty-acid-free BSA instead of polyvinyl alcohol (Takahashi and Kanagawa 1998). After 137 30 h (Day 2) and ~150 h (Day 7) of IVC, cleavage and development of presumptive zygotes to 138 the blastocyst stage were assessed, respectively. Total cell numbers of blastocysts obtained 139 after ~150 h of IVC were counted using an air-drying method (Takahashi and First 1992) . 
Statistical analysis 212
All percentage data were subjected to arcsine transformation before statistical analysis. 213
All data were analysed by one-way ANOVA or two-way ANOVA followed by Tukey-Kramer's 214 honestly significant difference test. All statistical analyses were performed using software 215 (JMP Version 10; SAS Institute, Cary, NC, USA). 216
217

Results
218
Experiment 1 219
There was no significant interaction by two-way ANONA between pre-IVM duration and 220 with or without IVM culture in terms of mitochondrial activity. Mitochondrial activity in IVG 221 oocytes at 10 h pre-IVM was higher than at 0 and 20 h pre-IVM (P < 0.05; Fig. 1 ). After IVM, 222 the mitochondrial activities of IVG oocytes at MII stage were similar regardless of pre-IVM 223 durations (Fig. 1) . Also, great variability of mitochondrial activity among each oocyte type was 224 observed compared with before IVM culture. Mitochondrial activity of IVG oocytes with 0 and 225 20 h pre-IVM was higher after IVM than before IVM (P < 0.05), although it was similar in IVG 226 oocytes with 10 h pre-IVM both before and after IVM. ROS generation in IVG oocytes with 0 h 227 pre-IVM was higher than in those with 10 and 20 h pre-IVM (P < 0.05; Fig. 2) . 228
229
Experiment 2 230
After 10 h IVM, the MI rate (82.7%) of IVG oocytes with 10 h pre-IVM tended to be higher 231 than in those with 0 h pre-IVM (48.3%, P = 0.17) and their GVBD/CC rate (1.5%) was lower 232 than that of the 20 h pre-IVM group (34.2%, P < 0.05) and tended to be lower than the 0 h 233 pre-IVM group (37.3%, P = 0.08; Table 1 ). After 22 h IVM, the MII rate of IVG oocytes with 10 h 234 (91.5%) was higher than in those with 0 h (50.5%, P < 0.01) and 20 h pre-IVM (79.0%, P < 235 0.05) and similar to that of in vivo-grown oocytes (88.6%; Table 2 ). The percentage of MI-stage 236 oocytes was significantly lower in IVG oocytes with 10 h pre-IVM (5.5%) than in the 0 h (25.4%, 237 P < 0.01) and 20 h pre-IVM groups (19.8%, P < 0.05). The mean diameter of IVG oocytes after 238 22 h IVM was 115.2 ± 3.4 μm (range: 105.9 to 122.7 μm, n = 161). Before IVM culture, all IVG 239 oocytes with 0 and 10 h pre-IVM were at GV stage (Table 3 ). The percentages (100%) of 240 GV-stage oocytes after 0 and 10 h pre-IVM were higher than after 20 h pre-IVM (90.0%, P < 241 0.01). 242
As shown in Table 4 , cleavage (79.4%) and blastocyst rates (38.9%) of IVG oocytes with 243 10 h pre-IVM were higher than those with 20 h pre-IVM (63.0 and 25.8%, respectively; P < 244 0.05) and similar to those of in vivo-grown oocytes (82.7 and 36.7%, respectively). However, 245 blastocyst rates based on cleaved oocytes were similar regardless of pre-IVM duration. In 246 addition, total cell numbers in blastocysts of IVG oocytes with 10 h pre-IVM were similar to 247 those of the control (P = 0.38). 248
249
Experiment 3 250
Seven embryos (63.6%, 7/11) were recovered from recipient heifers at Day 16 of oestrus. 251
Six embryos were elongated, ranging from 40 to 100 mm (70.0 ± 21.9 mm; Fig. 3 showed that the developmental rate to blastocysts (12.7%) without pre-IVM was significantly 315 lower than with 20 h pre-IVM (26.1%), despite the similar normal fertilisation rate (Huang et al. 316 2014) . It is speculated that high ROS content in IVG oocytes without pre-IVM may result in a 317 lower developmental rate to blastocysts than with pre-IVM. 318
The mitochondrial activity and blastocyst development of IVG oocytes with 10 h pre-IVM 319 were decreased by extending the pre-IVM duration to 20 h in the present study, although there 320 was no significant difference in ROS content between IVG oocytes with 10 and 20 h pre-IVM. 321
This result indicates that the decreases of mitochondrial activity and developmental 322 competence in IVG oocytes with 20 h pre-IVM were probably not due to ROS production. 323
During apoptosis, mitochondria rapidly lose their transmembrane potential (Ly et al. 2003) . It 324 was reported that the pro-apoptotic pathway can be promoted by the cAMP signalling pathway 325 in most cells (Insel et al. 2012) and that granulosa cells stimulated with forskolin and IBMX 326 exhibited a longer-lasting rise in intracellular cAMP, resulting in cell apoptosis (Aharoni et al. 327 1995) . It was indicated that the duration of the intracellular rise in cAMP plays an important role 328 16 in controlling the extent of apoptosis in granulosa cells (Aharoni et al. 1995) . Therefore, 329 investigation of cAMP concentration and apoptotic program induction during pre-IVM culture 330 should be conducted in future studies. 331
Following the embryo transfer of blastocysts derived from IVG oocytes with 10 h pre-IVM, 332 six out of seven elongated embryos showed a normal length (40 to 100 mm), similar to the rate 333 of in vivo-derived bovine embryos (Betteridge et al. 1980; Gustafsson and Ploen 1986) , and 334 one out of two embryos was maintained in the pregnancy. After 276 days of oestrus, the heifer 335 delivered a male calf with normal bodyweight (46 kg). Large calf syndrome was not observed 336 in the present study although the oocytes were cultured for 3 weeks in vitro. These results 337 suggest that IVG oocytes with 10 h pre-IVM acquired full developmental competence the same 338 as in vivo-grown IVM oocytes and probably in vivo-grown in vivo-matured oocytes. 339
In conclusion, we clarified that the mitochondrial activity of bovine IVG oocytes peaked at 340 10 h pre-IVM culture with IBMX and was closely correlated with the nuclear maturation and 341 developmental competences of IVG oocytes. The IVG oocytes with 10 h pre-IVM can acquire 342 high maturational and developmental competences, the same as in vivo-grown oocytes. 
